Abstract. How to evaluate the impact of transport measures on city sustainability effectively is still an open issue, and it can be abstracted as one of the multiple criteria decision making problems. In this paper, a new method based on D numbers is proposed to evaluate the sustainable mobility of city. D number is a new mathematical tool to represent and deal uncertain information. The property of integration of D numbers is employed to fusion information. A numerical example of carsharing demonstrates the effectiveness of the proposed method.
Introduction
The concept of sustainability was first put forward in the Brundtland Report of 1987 (Burton, 1987 . Sustainable development can be detailed understood in many aspects, such as environmental sustainability (Kaklauskas et al., 2018) , economic sustainability (Anand & Sen, 2000) , social sustainability (Dempsey, Bramley, Power, & Brown, 2011) , transportation sustainability (Banister, 2008) , constructional sustainability (Lazauskas, Zavadskas, & Šaparauskas, 2015) , and so on. Sustainable mobility, as one of the good measures to the sustainable development of transportation (Cascetta, Carteni, Pagliara, & Montanino, 2015; Naess, 2001) , has become a hot issue recent years. Transport planning is very important for the sustainable development of urban (Cascetta, 2009; Cascetta & Pagliara, 2013; Ortuzar & Willumsen, 2011; Akyelken, Banister, & Givoni, 2018; Carteni, 2017) . With the rapid development of society, economy and environment, the current situations of traffic of the city are faced with congestion (Moya-Gómez & García-Palomares, 2017) , environmental pollution achievement of a given project and maximizing the benefits (Cartenì, De Guglielmo, & Pascale, 2018; Kunreuther, Grossi, Seeber, & Smyth, 2003; Venables, 2007) . Cost-benefit analysis has been carried out for evaluation intelligent transportation systems (Thill, Rogova, & Yan, 2004) and the Stockholm congestion charging system in Sweden (Eliasson, 2009) . Besides the aforementioned methods, multi-criteria decision making (MCDM) method has also been involved to evaluate the sustainability, which provides a framework to make a definite result or an alternative using a set of criteria by a group decision makers. Affinity diagram and fuzzy technique for order preference by similarity to ideal solution (TOPSIS) were integrated for sustainable city logistics planning (Awasthi & Chauhan, 2012) . Decision-making trial and evaluation laboratory (DEMATEL) method (Han & Deng, 2018a) has been used to improve sustainable supply chain management (Su et al., 2016) . Analytic hierarchy process (AHP) and Vlsekriterijumska Optimizacija I KOmpromisno Resenje (VIKOR) methods (Fei, Deng, & Hu, 2018) have been integrated for the selection of sustainable manufacturing (Singh, Olugu, Musa, Mahat, & Wong, 2016) . Some other commonly used MCDM methods are multi-attribute utility function theory (MAUT) (Keeney, Raiffa, & Rajala, 1979) , outranking method (Opricovic & Tzeng, 2007) , evaluation ased on distance from average solution (EDAS) method (Keshavarz Ghorabaee, Zavadskas, Amiri, & Turskis, 2016) , weighted aggregated sum product assessment (WASPAS) method (Zavadskas, Kalibatas, & Kalibatiene, 2016) , and so on (Wei, Alsaadi, Hayat, & Alsaedi, 2018; Hashemkhani Zolfani, Maknoon, & Zavadskas, 2016; Zavadskas, Antuchevičienė, & Chatterjee, 2019; Siksnelyte, Zavadskas, Streimikiene, & Sharma, 2018; Siksnelyte, Zavadskas, Bausys, & Streimikiene, 2019) .
In the previous study, Dempster-Shafer (D-S) theory (Dempster, 2008; Shafer, 1976) has been used to evaluate sustainable transport measures (Awasthi & Chauhan, 2011; Chen & Deng, 2018a) . In their study, D-S theory was adopted to do the processes of information fusion and decision making for its ability to deal with unknown and ignorance information. And D-S theory has been widely applied in many areas, such as engine fault diagnosis , risk assessment (Han & Deng, 2018b) ), target recognition (Han & Deng, 2018c) and so on Chen & Deng, 2018b) . However, there exist some strong restrictions when D-S theory is employed, such as elements in the set must be mutual exclusion and the basic probability assignments must be complete Yin, Deng, X. & Deng, Y., 2019; Li, Zhang, & Deng, 2018) . Recently, a new mathematical tool to represent unreliable information, named D numbers (Deng, 2012) , was proposed by Deng in 2012, which mirrors the framework of D-S theory. D numbers inherit all the advantage of D-S theory. And the above mentioned restrictions of D-S theory are overcome in D numbers, as discussed later. D number provides a more flexible way to represent uncertain information, and it has been widely used in many areas, such as supplier selection (Deng, X. & Deng, Y., 2018) , risk assessment (Liu, You, Fan, & Lin, 2014) , linguistic decision making (Mo & Deng, 2016) , efficiency assessment (Fan, Zhong, Yan, & Yue, 2016) , health-care waste management (Xiao, 2018) , radiation source identification (Guan, Liu, Yi, & Zhao, 2018) , etc (Mo & Deng, 2018) . Besides, D number has been together with other tools to solve other problems. Li and Chen (2018) utilized D numbers and intuitionistic hesitant fuzzy sets to solve the problem of multiple attribute decision making. Lin, Li, Xu, Liu, D., and Liu, J. (2018) based on D numbers and DEMATEL methods to identify and analysis the risks for new energy power system in China. Bian, Zheng, Yin and Deng (2018) improved the traditional failure mode and effects analysis (FMEA) method based on D numbers and TOPSIS.
Inspired by the application of D numbers, especially for its ability of information integration, a new method to assess sustainable mobility based on D numbers is proposed in this paper. In order to verify the effectiveness of the proposed method, a sustainable mobility application of carsharing is employed.
The remainder of the manuscript is organized as follows. The basic concepts of D-S theory and D numbers are recalled in Section 1. The detailed steps of the proposed method are given in Section 2. An application of carsharing to demonstrate the detailed processes of the proposed method and sensitivity analysis are presented in Section 3. A short conclusion is drawn in the last section.
Preliminaries
In this section, some basic concepts and properties of D-S theory and D numbers will be recalled.
D-S theory
D-S theory was first proposed by Dempster in 1967 (Dempster, 2008 , and later extended by Shafer in 1976 (Shafer, 1976 . It allows one to combine evidences from different sources and arrive at a degree of belief (represented by a belief function) that takes into account all the available evidences. D-S theory is similar to Bayesian probability theory, however there still exist some differences. The prior information is not necessary in D-S theory, whereas it is essential in Bayesian probability theory. And the information in D-S theory may be the form of singleton or subset, however it must be the form of singleton in Bayesian probability theory. In D-S theory, a problem domain is denoted by a finite nonempty set of mutually exclusive and exhaustive hypotheses, called the framework of discernment. Some basic concepts of D-S theory are introduced as follows.
Let
be a finite set of n elements. Let 2 W denote the power set of W, and
Definition 1: For a framework of discernment W, a basic probability assignment (BPA) function is a mapping : 2
, which is also called a mass function, satisfying (Dempster, 2008) can be used to combine them and yield a new BPA. 
where A, B and C are the elements of 2 W , and k is a normalization constant, called the conflict coefficient between two BPAs. The Dempster's rule of combination is the core of D-S theory, satisfying commutative and associative properties, i.e., (1) 1
Thus if there exist multiple BPAs, the combination of them can be carried out in a pairwise way with any order.
D numbers
D-S theory can be carried out under some specific situations of the set on the frame of discernment must be mutually exclusive and collectively exhaustive. However, in many reallife situations, the hypothesis cannot be always satisfied. For example, there are no crisp division among linguistic hypothesis set of "excellent", "well" and "bad". And the BPAs in D-S theory are assumed to be total independent and come from separated sources, which also limit its application. Besides, BPAs in D-S theory must be with completeness constraint, which is the sum of all mass functions in a BPA must be equal to 1. However, in many real-life situations, due to lack of abundant knowledge or subject to some constraints, it is possible to obtain partial information and generate incomplete BPAs. For example, in an open world (Smets & Kennes, 1994) , the incompleteness of framework of discernment may lead to incompleteness of representation. Additionally, the combination rule of Dempster is with highly computational complexity, which also limits its application. Recently, a new mathematical tool to represent uncertain information, named D numbers (Deng, 2012) 
Where ∅ is an empty set and A is any subset of W. It should be pointed out that different from D-S theory, the elements in set do not require mutually exclusive and the completeness constraint is not necessary in D numbers. If
, the information is said to be complete; otherwise, the information is assumed to be incomplete. For a discrete set 
simply denoted as 
Example 3: Suppose a D number:
Example 4: Suppose a D number:
, then ( ) 3 0.2 5 0.1 6 0.1 I D = × + × + × ) 3 0.2 5 0.1 6 0.1 1.7 = × + × + × = .
As we can see that, this D number is incomplete, since 0.2+ 0.1+ 0.1 = 0.4 is less than 1, which is not allowed in D-S theory.
Methodology
The flowchart of the proposed method for sustainability evaluation the transportation measure is shown in Figure 1 , and the detailed steps of the proposed method are given as follows.
Step 1. Background introduction. The administrator should provide as more information as possible about the issue, involving implementation background, expected object, candidates, and so on. After that, the suitable evaluating proposals can be chosen according to the detailed information of the issue.
Step 2. Criteria and weights. The core of this step is to ascertain the detailed criteria which will be used to evaluate the performance of candidates. There are various ways to obtain applicable criteria for sustainability of transportation measures, such as experts' experiences, references of other cases, literature reviews and brainstorming. The criteria should be adopted according to the actual situation. When criteria are ascertained, the next is to allocate the weight to each criterion. There are many approaches to assign weights to criteria, such as AHP method.
Step 3. Data collection. When criteria and corresponding weights are obtained, the collection process of original data of candidates should be executed. To avoid the single source of data and make the fairly and objectively assessment of the candidates, the sources of data collection should be diversified. The collected original data may be presented in various types, but they should be transformed to the unified form of D numbers.
Step 4. Information integration. When the data collection process is completed and the data are all in the unified form of D numbers, the property of integration of D numbers will be carried out to perform the process of data fusion.
Step 5. State estimation. The transport sustainability index (TSI) (Reisi, Aye, Rajabifard, & Ngo, 2014) will be computed based on the criteria and weights, and the data collected from multisources. It should be pointed out that, there will exist two stages of the city state, pre-test and post-test phases of the transportation measure. Pre-test is the TSI stage before implementing the transportation measure, and post-test indicates the statues of TSI stage after implemented the transportation measure.
Step 6. Impact assessment. Observe the data of pretest and post-test stages through the transportation measure. If the data of post-test stage is bigger than the pre-test stage, then the transportation measure is said to be positive, and it should be recommended for adoption. Otherwise, the transportation measure is deemed to be negative, and it is not suitable for the city sustainablility.
Step 7. Sensitivity analysis. Sensitivity analysis (Saltelli, Chan, & Scott, 2000) is used to address the question of "How sensitive is the overall decision to small changes in the individual weights assigned during the pair-wise comparison process?". It is an useful tool when uncertainties exist in the importance of different factors. Sensitivity analysis is involved to determine the influence of criteria weights in the decision making.
Application
Carsharing differs from traditional rental cars in many aspects, and there are several reasons for choosing carsharing. Carsharing can be available at anytime without the limitation of office hours. The reservation, pick up, and return of cars of carsharing are all self-service. Users of carsharing are members and have been pre-approved to drive authorized by a company or an organization. The principle of carsharing is simple, that is individuals gain the benefits of private cars without additional costs and responsibilities of ownership (Shaheen, Sperling, & Wagner, 1999) . Carsharing provides the potential to reduce the costs of vehicle travel for the individual as well as for society, that is the extra-costs of vehicle purchase, gas money, repair and maintenance fee, parking fee and insurance premium are all transferred from individual user to the company of carsharing (Awasthi, Chauhan, Hurteau, & Breuil, 2008) . Carsharing can also contribute to reduce congestion and pollution in the city. Carsharing is effective and attractive when it is regarded as a transportation mode that fills the gap between transit and private cars, and can be linked to other models and transportation services as a mobility package. Carsharing is becoming increasingly popular with its promise of personal convenience and social improvement. Carsharing operates in thousands of cities worldwide, reported by World Carshare Consortium (2009), and it trends to locate in these densely populated areas, such as city centers and more recently university and other campuses. From Car2go blog (2018), Car2go is the largest carsharing company of Germany in the world with more than 3 million registered members, more than 14 000 vehicles and more than 90 million running kilometers, until 2017. There exist two different types of carsharing services, as introduced by social network of alumniportal Deutschland (2015) . One is named station-based service in which the vehicle is picked up and dropped off within a predetermined place. Another is called free-floating service which allows users to pick up and park cars in any public place within an established zone (Ampudia-Renuncio, Guirao, & Molina, 2018). Thus, the service of free-floating provides a more flexible way for users than station-based. It should be pointed out the new energy technologies, such as electric, are suitable for these vehicles of stationbased, because for the convenience and availability of energy supplement at pre-assigned places (Cartenì, Cascetta, & de Luca, 2016) . The conventional fuel vehicles are qualified for both free-floating and station-based carsharing services.
In this section, an application of carsharing (Awasthi & Chauhan, 2011) will be used to demonstrate the effectiveness of the proposed method. One city wants to improve the transport condition with the aid of carsharing. Before implementation of the transportation measure of carsharing, an assessment on city sustainability is used to determine whether it will bring positive effect or not. It should be pointed out that the information collected in this example has been amended for some confidentiality reasons. All information sources are supposed to be totally reliable and the criteria are independent of each other. The detailed steps of evaluation are given as follows.
Step 1. Criteria and weights. The nine criteria of costs (C1), fuel consumption (C2), air quality (C3), noise (C4), number of users (C5), spatial accessibility (C6), satisfaction (C7), security (C8), and congestion levels (C9) were chosen from the aspects of economy, energy, environment, transport, society for evaluation carsharing, and they were assigned to the same weights for simplicity.
Step 2. Data collection. To be as objective as possible, the way to obtain data should be diversified. In this paper, the data are gathered from the aspects of subjectivity and objectivity, such as expert, survey, model and sensor. Experts who are skilled in the domain of urban transportation planning are asked to given their opinions. Surveys are assigned to the local residents, and their responses are aggregated. Models are used to compute a given set of input data to generate a set of simulation value. The sensors are used to obtain the data based on some measurement techniques. It should be pointed out that the data can be obtained at two stages: pre-test stage and post-test stage. The information sources given their opinions of three levels (increase (I), no change (N) and decrease (D)) in the form of D numbers. The evaluations from the four information sources for pretest stage of carsharing are presented in Table 1 . And the evaluations for post-test stage of carsharing are presented in Table 2 . Step 3. Information integration. Taking evaluation criterion "costs (C1)" and information source of "expert" in Table 1 for example, "expert" believes that the probability of C1 will be increased as 0.25, no change as 0.5 and decreased as 0.25. That is "I = 0.25, N = 0.5, D = 0.25". For the evaluation matrix in the discrete form of D numbers, they can be aggregated by the integration property of D numbers. Taking criteria C1 in Table 1 for example, the probability of "I" can be obtained by accumulation all the information sources' (expert, model, survey and sensor) opinion of "I", that is "0.25 + 0.6 + 0.5 + 0.5 = 1.85". The probabilityof "N" is "0.5 + 0.2 + 0.3 +0.35 = 1.35", and the probability of "D" is "0.25 +0.2 + 0.2 + 0.15 = 0.8". Similarly, the other criteria of pre-test stage can also be obtained as shown in Table 3 . And, the criteria of post-test stage of evaluation can also be aggregated, as shown in the last three rows of Table 3 . Utility assessment (Johnson & Huber, 1977) includes the entire process of identifying, measuring, and combining attributes to create an explicit value structure that can form a basis for evaluations and decisions. A set of utility for criteria is given by u:
in this application, where ( ) u I represents increased, ( ) u N represents no change and ( ) u D represents decreased. The set of utility is used for information integration of the stages of pretest and post-test. Since some criteria are the higher the higher utilities obtained and some are the higher the lower utilities obtained, there exist two values of utilities. For example, a higher "satisfaction (C7)" gets a higher utility value and a higher "fuels consumption (C2)" gets a lower utility value. In view of this, the utility values for the given nine criteria are calculated as shown in Table 4 . It should be pointed out that the passive criteria of costs (C1), fuel consumption (C2), noise (C4) and congestion levels (C9) have higher values for low utilities, because they are the higher the worse. The remainder of positive criteria, such as air quality (C3), number of user (C5), spatial accessibility (C6), satisfaction (C7) and security (C8) get higher value for high utilities, since they are the higher the better. The global utility for criteria i can be obtained as:
where H k represents the evaluation level, After D numbers to aggregate all the criteria, they global utilities as shown in Table 4 , will be used for policymaker to express their opinions for evaluation criteria. Taking criteria "costs (C1)" of pre-test stage for example, combining its values of D numbers (1.85, 1.35, 0.8) as shown in Table 3 and individual utility (0, 0.3, 1) as shown in Table 4 , its global utility value can be obtained as follows: Analogously, the other global utilities for criteria of pre-test stage and post-stage can also be obtained, as shown in Table 5 . 
Step 5. Impact assessment of the transport measure. We can see that 2.4714 > 2.2601, that is the value of TSI(t post ) is bigger than TSI(t pre ). It means that the measure of carsharing will bring positive impact to the city and it should be recommended to the administrator for adoption.
Step 6. Sensitivity analysis. As mentioned above, for simplicity, the weights of criteria are assigned to the same. In order to assess the impact of carsharing more objective, an analysis of sensitivity is carried out to exam how the weights of criteria affect the results. Twenty-three experts are asked to allocate weights to the nine criteria independently, as shown in Table 6 . The resu1ts of sensitivity analysis are presented in Figure 2 . And we can see that eighteen experiments indicate that the values of TSI(t post ) is bigger than TSI(t pre ). That is under the most circumstances, the measure of carsharing brings positive impact to the city, which is useful for improving the sustainability of transport condition of the city. 
Conclusions
In this paper, a new method to evaluate the impact of transportation measure on city sustainability is proposed based on D numbers. The proposed method is composite of evaluation criteria selection, data collection, information fusion, evaluation of city sustainability by TSI, and impact assessment. Sensitivity analysis is also carried out to examine the influence of criteria weights in the process of decision making. A transportation measure of carsharing is used to demonstrate the effectiveness of the proposed method.
The new proposed method is qualified to deal with these heterogeneous, uncertain and incomplete information of different sources. The proposed method can deal with not only the complete information as mentioned in this manuscript of carsharing, but also these situations of incomplete information, since the inherent characteristic of D numbers. The proposed method is used to evaluate only one transport measure in this paper at a time. However, it can be also generalized to evaluate several transportation measures at a time, and to select the best one. And the proposed method is also suitable to other scenarios of decision making. 
